Objective To characterize continuous EEG (cEEG) use patterns in the critically ill and to determine the association with hospitalization outcomes for specific diagnoses.
Continuous EEG (cEEG), a valuable tool to assess brain function, is increasingly used for critically ill patients. Unlike neurologic examination, intracranial pressure monitoring, and many imaging modalities, cEEG provides noninvasive, realtime information about brain activity. 1, 2 The American Clinical Neurophysiology Society has specified cEEG indications: seizures and/or status epilepticus diagnosis, cerebral ischemia identification, level of consciousness assessment, and post-cardiac arrest prognostication. 3 However, the effect of cEEG on outcomes for critically ill patients over the last decade has not been well characterized. 4, 5 cEEG is particularly advantageous for identifying seizures in patients who lack overt clinical symptoms. 2, 6, 7 Subclinical or nonconvulsive seizures have been associated with both signs of neuronal injury (hippocampal atrophy, 8 elevated intracranial pressure, increased lactate/pyruvate ratio 9 ) and neurologic decline. 10, 11 Therefore, cEEG frequently leads to antiepileptic therapy administration and informs other diagnostic decisions. 5, [12] [13] [14] However, there is great practice variability in cEEG indication, initiation timing, length of use, and ensuing therapeutic interventions. [15] [16] [17] Furthermore, cEEG is a resource-intensive endeavor. 18, 19 Understanding cEEG utility in clinical practice will help define its optimal use and thereby reduce variability in care and outcomes.
Moreover, as alternative payment models become increasingly prevalent, establishing the value of cEEG is critical. 20, 21 While the examination of cEEG value is complex and warrants multipronged inquiry, it is important to first characterize current use patterns and the association with outcomes. Insurance data are commonly and readily used in the measurement of value; therefore, we investigated the use and utility of cEEG for critically ill patients with administrative claims from 2004 to 2013.
Methods

Data
We used data from the National Inpatient Sample (NIS), the largest all-payer inpatient health care national database, made available by the Agency for Healthcare Research and Quality. Before 2012, the NIS included all discharges from a 20% sample of hospitals in the United States; starting in 2012, the NIS estimates a 20% sample of discharges from all hospitals in the United States. The NIS database contains deidentified information on patient demographics, measures of comorbidity, diagnoses, procedures, admission and disposition details, payer information, hospital characteristics, and total hospital charges. More than 7 million hospital discharges are reported annually in this database. 22 Our study included discharges from 2004 to 2013.
Population
We identified the population of patients with critical illness, as defined by the ICD-9 procedure code for mechanical ventilation (x96.7). 23 Exclusion criteria were patients admitted electively (to eliminate epilepsy monitoring unit admissions) and patients <18 years of age. A discharge diagnosis of cardiac arrest (427.5) also led to exclusion because that diagnosis warrants unique outcome considerations; specifically, cEEG is more commonly used in this population to inform prognosis rather than to aid diagnosis and management. Within our patient population, we defined the study sample as those patients who received cEEG (89.19) at some point during their hospitalization; the control sample comprised those critically ill patients who never received cEEG during hospitalization. Exclusive use of cEEG on the day of discharge led to exclusion from the study because in such cases cEEG use was less likely to change the course of the hospitalization (figure 1). Corresponding to the American Clinical Neurophysiology Society-proposed cEEG indications, we analyzed subgroups of patients by the following discharge diagnoses categories: seizure/status epilepticus (345.x, 780.3x), 24 subarachnoid or intracerebral hemorrhage (430, 431), 25 and altered consciousness (altered mental status 780.97; coma 780.0x, selected codes within 800.xx-854.xx; delirium 291.0, 292.81, 293.0, 293.1; encephalopathy 348.3x, 394.82, 437.2, 572.2, 768.7x). These subcategories were not mutually exclusive.
Outcomes and variables
The main independent variable was use of cEEG, and the primary outcome was in-hospital mortality. Secondary outcomes were hospitalization cost and length of stay.
We considered patient characteristics of age group (18-39, 40-49, 50-59, 60-69, 70-79, ≥80 years), sex, race (white, black, Hispanic, Asian or Pacific Islander, Native American, other), primary payment source (Medicare, Medicaid, private insurance, self-pay, no charge, other), household income by ZIP code, Elixhauser comorbidity score (0-1, 2, 3, ≥4), 26 palliative care consultation (V66.7), and year of discharge. Presence of routine EEG (rEEG) procedure code (89.14) was also noted. Hospital characteristics included geographic region (Northeast, Midwest, South, West), bed size, rural/ urban location, and teaching status. Annual cEEG procedure volume and annual critically ill patient volume were collected for hospitals sampled from 2004 to 2011.
Statistical analysis
All statistics accounted for the complex survey design of the NIS to ensure proper confidence intervals (CIs). Descriptive statistics using χ 2 tests were applied to assess the use of cEEG over time and to compare patient-related and hospital-related Glossary cEEG = continuous EEG; CI = confidence interval; ICD-9 = International Classification of Diseases, 9th revision; IQR = interquartile range; NIS = National Inpatient Sample; OR = odds ratio; rEEG = routine EEG. characteristics of the 2 cohorts. Multivariable logistic regression was performed to assess the association of patientspecific and hospital-specific characteristics with cEEG use. The associations of cEEG use with in-hospital mortality and cEEG use with hospitalization cost and length of stay were evaluated with multivariable regression analysis, which was adjusted for patient characteristics (age, sex, race, primary payer, household income, comorbidity score, palliative care consultation), hospital characteristics (geographic region, bed size, rural/urban location, teaching status), and year of discharge. Additional multivariable regression analysis was performed to investigate the effect of annual hospital cEEG volume on in-hospital mortality, which was adjusted for patient characteristics, hospital characteristics, and year of discharge. For binary outcomes, unconditional logistic regression was used. Because of violations of normality, we applied log transformation to cost and length-of-stay data. Statistical analysis was performed with Statistical Analysis System version 9.4 (SAS Institute Inc, Cary, NC). Hypothesis testing was 2 sided, and statistical significance was defined as p < 0.05.
Standard protocol approvals, registrations, and patient consents
The University of Pennsylvania Institutional Review Board approved this study.
Data availability
The full dataset is publicly available as the NIS via the Agency for Healthcare Research and Quality as part of the Healthcare Utilization and Cost Project.
Results
Demographics and use patterns
We identified a total of 7,102,399 critically ill patients discharged from 2004 to 2013, of whom 22,728 (0.3%) received cEEG. During this period, the proportion of mechanically ventilated patients who received cEEG increased from 0.06% (95% CI 0.03%-0.09%) to 0.80% (95% CI 0.62%-0.98%); similar increases were observed across all subgroups (figure 2).
Despite this growth, cEEG was applied in the small minority of critically ill patients. Over the entire study period, only 1.71% (13,576 of 792,645) of patients with seizure/status epilepticus diagnosis, 0.94% (2,953 of 315,020) of patients with subarachnoid or intracerebral hemorrhage diagnosis, and 0.69% (12,393 of 1,806,218) of patients with altered consciousness diagnosis were assessed with cEEG.
Patient demographics and hospital characteristics of discharges who received cEEG and those who did not are presented in 20 .8%, p < 0.001). The cEEG cohort had higher comorbidity scores (score ≥4: 65.8% vs 56.4%, p < 0.001) and more frequent palliative care consultation (12.1% vs 5.3%, p < 0.001). A larger proportion of the cEEG cohort was located in the Northeast (33.3% vs 20.8%, p < 0.001) and Midwest regions (30.2% vs 21.2%, p < 0.001). Lastly, cEEG was more commonly performed in large hospitals (86.5% vs 67.8%, p < 0.001) and in urban teaching hospitals (94.9% vs 53.6%, p < 0.001) compared to nonteaching or rural hospitals.
Predictors of cEEG use
In multivariable logistic regression, predictors of cEEG use included younger age, female sex, private insurance, higher median income, greater comorbidity score, palliative care consultation, longer length of stay, Northeast or Midwest location, larger bed size, and urban teaching setting (table 2) .
Association with hospitalization outcomes
Mortality in the cEEG cohort was 22.8% vs 27.8% in the cohort without cEEG. The odds of in-hospital mortality were decreased for the cEEG cohort compared to controls (odds ratio [OR] 0.83, 95% CI 0.75-0.93, p < 0.001) in multivariable regression analysis adjusted for patient-specific and hospitalspecific characteristics listed in table 1 and year of discharge (figure 3). A similar relationship was observed with use of cEEG in patients with subarachnoid or intracerebral hemorrhage (mortality 26.3% vs 54.0%, OR 0.72, 95% CI 0.58-0.91, p = 0.005) and patients with altered consciousness (mortality 21.5% vs 28.3%, OR 0.80, 95% CI 0.70-0.91, p < 0.001). However, cEEG use was not associated with a decreased risk of mortality in the seizure/status epilepticus subgroup (18.2% vs 19.8%, OR 0.95, 95% CI 0.82-1.09, p = 0.467). A closer look at this subgroup, in which patients with a seizure diagnosis (684,469 in total) were separated from patients with a status epilepticus diagnosis (108,176 in total), revealed lower mortality for patients with seizure who received cEEG compared to no cEEG (16.7% vs 20.2%) and higher mortality for patients with status epilepticus who received cEEG compared to no cEEG (20.6% vs 17.2%). Still, in our multivariate analysis, cEEG use was not associated with decreased mortality for either seizure or status epilepticus diagnosis (OR 0.87, 95% CI 0.74-1.02, p = 0.085 and OR 0.98, 95% CI 0.78-1.24, p = 0.868, respectively).
Use of cEEG was associated with an increase in median total hospitalization charges (OR 1.17, 95% CI 1.11-1.23, p < 0.001) and in median length of stay (OR 1.11, 95% CI 1.01-1.13, p < 0.001) in multivariable regression analysis adjusted for patient-specific and hospital-specific characteristics and year of discharge (figure 3). Median total hospital charges were $141,892 (interquartile range [IQR] $70,486-$273,564) for the cEEG cohort and $77,536 (IQR $37,557-$157,037) for the no cEEG cohort. Median hospital length of stay was 12.8 (IQR 6.2-23.6) and 8.7 (IQR 3.7-16.5) days, respectively. Similar relationships in hospitalization cost and length of stay were observed across all subgroups. The addition of rEEG as a covariate in the model resulted in no change in ORs or CIs for in-hospital mortality, hospitalization cost, and length of stay (table 3) .
cEEG volume
To examine the effect of hospital cEEG volume, we performed a subanalysis of data from 2004 to 2011 (during which time all discharges from a particular hospital were sampled). The proportion of cEEG use among critically ill patients was calculated for each year that a particular hospital was sampled. Of Neurology.org/N 3,054 unique hospitals, 93.9% (2,867) never used cEEG and were eliminated from further analysis. Remaining hospitals were organized into tertiles by cEEG volume, which resulted in 62 low-volume (>0%-0.2% of critically ill discharges), 63 medium-volume (>0.2%-0.8%), and 62 high-volume (>0.8%) hospitals. In a multivariable regression analysis adjusted for cEEG, patient-specific and hospital-specific characteristics, and year of discharge, the hospital cEEG volume was not associated with in-hospital mortality (figure 4). However, an association emerged when the interaction of cEEG and volume was included in the regression, which demonstrated decreased in-hospital mortality risk for patients receiving cEEG in high-volume hospitals (OR 0.78, 95% CI 0.66-0.92, p = 0.004).
Discussion
In this study, we describe a >10-fold increase in cEEG use for critically ill patients from 2004 to 2013. However, cEEG may still be underused; although it was associated with lower odds of in-hospital mortality, only 0.3% of the critically ill population received cEEG. This benefit is particularly notable because, while the cEEG cohort was younger, these patients also appear to have been more ill, with higher comorbidity scores, more frequent palliative care consultation, and longer lengths of stay than the control cohort.
Our study uses diagnosis subcategories to better define who may benefit from cEEG. This subcategorization led to the unexpected finding that while cEEG was associated with decreased in-hospital mortality risk for the full cohort, the seizure/status epilepticus subgroup did not demonstrate this association. This subanalysis is most likely confounded by disease severity, which is suggested by the higher mortality observed in patients with status epilepticus who underwent cEEG compared to no cEEG. There are several important considerations. First, the diagnosis of seizure/status epilepticus identifies a highly heterogeneous group. Seizures are only a symptom of disease, and it has been well established in the status epilepticus literature that underlying pathology is the most critical determinant of outcome. 27, 28 Patients with lethal underlying etiologies of their seizures most likely do not benefit from further monitoring. In addition, there are a variety of seizure presentations in the critically ill, and it is not clear that all patients benefit from attempts at seizure treatment, 29, 30 although treatment often becomes inevitable once seizure is suggested by cEEG. This commitment to monitoring and prolonged therapy is particularly problematic in patients with EEG patterns on the ictal-interictal continuum (potentially harmful electrographic activity that does not meet strict seizure criteria), which may not have pathophysiology similar to more straightforward epileptic conditions. 31 Further analysis of this subgroup in datasets with improved clinical resolution, particularly with regard to details of seizure presentation, illness severity, and underlying etiology, is necessary to elucidate for whom and by what mechanism cEEG is most beneficial. In addition, prospective studies that can assess a wider range of outcomes such as neurologic functional status and development of subsequent epilepsy are needed.
Not surprisingly, hospitals with larger bed size and urban teaching status were associated with cEEG use, as seen in prior studies. 4 We also demonstrated variation across hospitals in the proportion of critically ill patients who undergo cEEG, which may indicate discrepancies in hospital resources, expertise, or medical sophistication. This raises the question of whether, despite adjustment for bed size and urban teaching status, unmeasured hospital characteristics of academic medical centers are driving the observed disparity in mortality between the cEEG and no cEEG cohorts. Notably, our analysis found that simply being at a medium-volume or highvolume hospital was not associated with improved survival; rather, it was necessary to additionally undergo cEEG in this setting to show associated benefit. Moreover, it appears that there may be associated survival advantage with receiving cEEG even at a medium-volume hospital.
Given our finding that cEEG was associated with lower risk of in-hospital death, we attempted to further investigate the value of cEEG by examining the costs associated with the procedure. While we found greater hospitalization costs and longer lengths of stay for the cEEG cohort (17% and 11% median increases, respectively), these may well be justifiable in the context of a procedure associated with substantial reduction in mortality risk (almost 20%). Explicit cost analysis, however, was not possible within the constraints of this dataset. With the rapid rise in use, further quantification of the value of cEEG in critically patients is imperative. This analysis would also be helpful in defining parameters for the application of automated EEG interpretation with seizure-detection algorithms, which may allow substantial cost and resource reduction.
Survival advantage associated with cEEG use was observed in a prior investigation that compared cEEG to rEEG use in critically ill patients using a smaller sample from the NIS (2005-2009). 4 While it may be considered reassuring that Figure 3 Hospitalization outcomes with cEEG use
The reference group is no continuous EEG (cEEG). CI = confidence interval. both studies show a potential protective effect of cEEG in the critically ill, our study differs in several important ways. First, we chose not to define the control population as patients who received rEEG. While using rEEG suggests the need to assess brain function, desirable for the comparison group, a more concerning patient presentation would typically lead to the initiation of cEEG rather than rEEG. Therefore, the rEEG control group does not eliminate selection bias. To confirm this, we completed an additional regression analysis to assess the association of cEEG with outcome and added rEEG as a covariate, which did not change our results. Second, our study contains a larger sample size and includes the years during which there was a massive increase in cEEG use, suggesting that our results are more likely to reflect current use. The only other study to assess cEEG outcomes in critically ill patients was methodologically different: it prospectively recruited 234 critically ill patients who underwent cEEG compared to matched controls who did not undergo any EEG and found no differences in discharge disposition. 5 This study, however, did not include admissions for seizure, which is a large proportion of cEEG use in the critically ill.
This study is limited by the typical challenges associated with administrative claims data: measuring codes rather than true clinical data. The ICD-9 procedure codes may not be the most comprehensive way to capture EEG use, leading to undersampling of the population of interest. In particular, we found that only 5.9% of the cEEG cohort had a procedure code for rEEG (and only 0.9% of the no cEEG cohort), which was lower than anticipated. We suspect that cEEG is also undercoded in this dataset; however, we believe procedure codes are most likely missing at random. Similarly, use of the procedure code for mechanical ventilation is specific but not sensitive in capturing critically ill patients. 23 Diagnosis codes are associated with discharge and cannot be temporally related to procedure dates; furthermore, a diagnosis code could reflect a suspected diagnosis that was subsequently refuted (unfortunately, administration of antiepileptic medication, which would support a seizure diagnosis, is not captured in this dataset). In addition, because patients have multiple diagnosis codes, our subcategories are not mutually exclusive. There is, unfortunately, no perfect control group in which to retrospectively investigate the effect of cEEG in the critically ill population, and it is challenging to fully account for disease severity. While our control cohort is in several ways dissimilar to the case cohort, the measurable differences should bias toward the null hypothesis. As previously discussed, assessment of cost was greatly restricted by the absence of charge detail within this dataset and the limited estimate of total hospitalization cost (e.g., the reported charges do not include professional fees). Lastly, the assessment of the outcome of primary interest, mortality, was limited to the period of patient confinement; therefore, our results may describe only a fraction of the benefit of cEEG use that might be measured if data after hospital discharge were available. Furthermore, with this dataset, we were unable to assess change in functional status, which is arguably of even greater interest than survival.
Evaluation of cEEG use for critically ill patients with administrative claims data demonstrates an association with decreased risk of in-hospital mortality; therefore, continued expansion of cEEG may be warranted. However, the survival benefit appears to vary across subcategories of patients, and this particular methodologic approach is limited in its clinical resolution. Further investigations, both retrospective and prospective, will be crucial for developing a strong evidence base for cEEG practice to improve patient outcomes, to decrease variations in care, and to design informed payment structures.
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